Abstract-Energy harvesting technique is a potential way for relay node energy supply in cooperative networks with respect to deployment flexibility and maintenance charge reduction. However, unlike traditional power source, it is intuitive that the fluctuation of harvested energy flow can degrade the benefit resulted from relay-aided cooperative transmission. To this end, this paper focuses on the performance analysis of an energy harvesting relay-aided cooperative network under slow fading channel from a perspective of outage behavior and attempts deriving the closed-form expression of outage probability of the proposed cooperative protocol. Compared with simple direct transmission protocol, it is proved that a multiplicative gain for improving system performance in terms of minimizing outage probability can be obtained by energy harvesting relay-aided cooperative transmission. In particular, if there are multiple available relay nodes around the environment or the energy-exhausted probability of relay node is small, it is very profitable to employ relay-aided cooperative transmission protocol.
I. INTRODUCTION
In wireless slow fading channel scenario, outage probability is one of the most important parameters for system performance [1] . Namely, when the instantaneous signal-to-noise ratio (SNR) is below the minimal acceptable threshold value, an outage event will occur. Some advanced techniques have been proposed to alleviate this problem in the literature. Among them, relay-aided cooperative transmission is an efficient way; see, for example, [2] - [4] . However, the flexibility of relay node deployment is limited by existing power supply. In addition, maintenance costs such as electric charge also restrict massive deployment. Recently, energy harvesting, which can collect energy from renewable resources in ambient environment, such as solar energy, wind energy, geothermal energy, and even radio-frequency signal, has attracted much attention. It is considered as a promising approach for powering relay node; see, for example, [5] - [9] . For instance, the work in [5] discussed the optimal relaying protocols under two different receiver structures. Power-allocation strategies in cooperative networks powered by harvested energy were considered in [6] and [7] . When a sensor node is wirelessly powered by a control center, the maximal achievable capacity region for two-way information rates between them has been discussed in [8] . In addition, the performance of an amplifying forward multiple-input-multiple-output system with energy harvesting receiver was analyzed in [9] . According to the state of the art, sufficient energy can be provided for relay nodes by energy harvesting from ambient environment [10] . However, due to the fluctuation of renewable sources, the harvested energy flow cannot keep stable just like traditional power supply, which may degrade the benefit obtained from cooperative transmission technology. To the best of our knowledge, compared with relayaided cooperative networks powered by a stable energy supply, the performance loss resulted from harvested energy fluctuation has not been considered in the literature. Moreover, whether it is profitable to employ energy harvesting relay-aided protocol compared with simple direct transmission protocol has also not been explicitly given so far. Since relay-aided transmission protocol will occur more degree of freedom of channel and the fluctuation of harvested energy flow is also a menace for information transmission, both of these questions cannot be answered intuitively, which is the main motivation of this paper.
To this end, this paper focuses on the performance analysis of an energy harvesting relay-aided cooperative network with multiple available relay nodes in terms of outage behavior. Based on the Markov property of energy buffer status, an on-off model is proposed to characterize the stochastic property of harvested energy flow. The explicit closed-form expression of outage probability in the proposed relay-aided cooperative protocol is obtained in the high-SNR regime. Based on the results, the outage performance can be significantly improved by employing energy harvesting relay-aided protocol in a certain SNR range, particularly when there are multiple available relay nodes around the environment or the energy-exhausted probability of relay node is small. In addition, the diversity gain in this system is also compared with the simple direct transmission protocol and traditional cooperative protocol.
The rest of this paper is organized as follows. System structure and relay-aided cooperative protocol are presented in Section II. The on-off energy harvesting flow model is proposed in Section III. Then, the performance of the proposed cooperative protocol is investigated in Section IV. In Section V, some numerical results are presented. At last, some conclusions are given. Fig. 1 shows an example of a system structure for energy harvesting relay-aided cooperative network, which consists of one source node, one destination node, and K available relay nodes, denoted as S, D, and R k (1 ≤ k ≤ K), respectively. Information flow is intended to be transmitted from S to D. It is assumed that S is powered by a traditional stabilized power source P s . In contrast, R k is powered by the energy harvesting module. In addition, to isolate the benefit of space diversity, it is assumed that each node is equipped with only one antenna.
II. PRELIMINARY

A. System Structure and Channel Model
It is assumed that carrier and symbol synchronization is ideal, and channel side information is known prior by each terminal. Let For direct link, information is transmitted from S to D without the help of relay node, and all the time slots are utilized by the link S − D. Under these assumptions, the baseband-equivalent discretetime model for the channel S − D can be expressed as
where 
it is assumed that amplify-andforward relay scheme is employed. Provided that there is enough energy for transmitting current signal block at R k , information will be transmitted from S to R k first and then retransmitted from R k to D. To avoid interference between links S − R k and R k − D, each signal block should be divided into two subphases. In the first half phase, information is transmitted from S to R k , which is
where y s,r k [n] is the received signal, n r k [n] is additive noise at R k , and h s,r k [n] denotes the fading coefficient between S and R k . (In addition, it is assumed that N is an even number here.) Then, the received information is retransmitted from R k to D in the following subphase, which is
where x r k [n] denotes the transmit signal, and P r denotes the transmit power at
It is reasonable to assume that h i,j [n] , where i ∈ {s, r k } and j ∈ {r k , d}, keeps the same during a signal block and independently changes between different blocks. In (1)- (3), h i,j [n] captures the effect of path loss, shadowing, and small-scale fading. Since smallscale fading is the main factor for outage event and path loss can be compensated by power control, this paper concentrates on the effect of small-scale fading. Without loss of generality, h i,j [n] is modeled as a zero-mean, independent, and circularly symmetric complex Gaussian random variable with variance σ 2 i,j in this paper. In addition, n j [n] is also modeled as a zero-mean, independent, and circularly symmetric complex Gaussian random variable with variance σ 
B. Relay-Aided Cooperative Protocol
Since the exact capacity region of a relay channel is still an open problem [11] and the main purpose of this paper is to evaluate the benefit generated by energy harvesting relay-aided cooperative transmission, we only consider some simple relay strategies in this paper instead of attempting to obtain some optimal transmission strategies.
Before presenting the specific cooperative protocol, let us introduce the definition of direct transmission protocol first to serve as a baseline.
Definition 1: In direct transmission protocol, only the direct link between S and D is available. Thus, all the time slots in a signal block are used by the direct link.
Thus, if direct transmission protocol is employed, the overall data rate from S to D can be given in (4), which can be achieved by zeromean circularly symmetric complex Gaussian inputs [1] 
where W denotes the frequency bandwidth, and index n is ignored for description convenience in the sequel of this paper without any specific declaration.
Assuming that the minimum acceptable rate is R 0 , the outage probability P r[R s,d < R 0 ] under direct transmission protocol can be expressed as
where the last step is tight when P s /σ 2 0 is large enough. To improve the outage performance of the system, relay-aided cooperative technology is an effective way. The cooperative protocol employed in this paper is presented as follows.
Definition 2: In relay-aided cooperative protocol, both direct link and relay links are available for information transmission. One relayaided link with enough available energy among K's will be set up if and only if the direct link is too deteriorated leaded by deep fading.
Namely, the cooperative protocol contains two steps.
• Step 1: The system tends to transmit information over the direct link. If |h s,d | 2 is bigger than the threshold value, the direct link shown in (1) is sufficient to support the data rate R 0 and the relay link will not need to be set up. Otherwise, go to Step 2.
• Step 2: One relay link among K's, as shown in (2) and (3), will be selected and activated to provide an alternative link instead of a direct link. If it also fails, an outage event will occur.
Two reasons motivate us to employ this strategy. First, this strategy is more feasible than other possible strategies since relay links should be activated as less as possible to save time slots and reduce the overhead information [13] . In addition, the work in [2] has already proved that the selection strategy with a stable power supply can achieve the maximal diversity gain value, which is equal to the number of available relay nodes under independent identically distributed Rayleigh fading channel.
III. ENERGY HARVESTING MODELING
As stated in the previous section, the relay-aided link can set up to the relay signal on the condition that the direct link is too bad and there is enough energy to transmit the current signal block at the relay node. However, due to fluctuation of renewable resource, the value of instantaneous harvested energy flow is always time varying. Therefore, it cannot maintain a stable energy output flow just like a conventional power supply, and node R k may run out of energy in some cases.
It is assumed that the minimal energy that is required at each relay node to activate itself and retransmit signal is P r , and the energy harvested from surrounding renewable resources during a whole signal block period can be modeled as a stationary stochastic process [14] , [15] , the value of which is denoted as e i at ith signal block. It is reasonable to assume that the value of e i keeps constant during a whole signal block period since the renewable resource is usually time varying and such variance is very slow compared with the variation of channel fading status. Taking the relay node R k for an example, we will develop the energy harvesting model with/without an energy storage device at R k in the sequel.
At first, consider the simple case that there is no energy storage device at R k , which means that R k can only utilize the energy harvested during the current block for current signal block transmission. If the harvested energy e i is less than P r , the relay will be out of energy. The probability that R k runs out of energy is called an energy-exhausted probability, which is
where f e (x) denotes the original probability distribution function (PDF) of stationary stochastic process e i . In addition, it is worth noting that the concepts of terms of energy and power are the same in this paper on the assumption that the length of a signal block is unit time. We may use different names in different places just to make the description clear.
For the more generalized case that there is an energy storage device at R k , the capacity of which is denoted as E max . It is assumed that s i denotes the state of energy buffer, i.e., the value of energy stored at R k at the beginning of ith signal block. o i denotes the energy consumption for ith signal block transmission. According to the cooperative protocol proposed in Definition 2, o i can be expressed as a stationary two-value random function
where factor K represents the assumption that each relay node will be waked up with equal probability. Then, the expression of s i+1 based on the aforementioned assumptions can be formulated as
Since e i and o i are stationary and independent with each other, s i can be regarded as a stationary Markov stochastic process based on the energy buffer status, which is shown in Fig. 2(a) . Combining the original PDF of e i and expressions in (7) and (8), the stationary PDF of s i can be obtained, denoted as f s (x). Obviously, f s (x) can describe all stochastic characteristics of the energy harvesting module.
However, even for a discretized model, the number of possible energy buffer's statuses is a very large number, which makes the discussion complex. Thus, to make the discussion and analysis easily trackable, we will use a simplified model instead of the original model. Specifically, considering the cooperative transmission protocol presented in Definition 2, the number of statuses in the Markov model s i based on the energy buffer at R k can be reduced into two, which will be introduced in the sequel.
From a perspective of transmitter R k at the beginning of each second half phase for relay-aided transmission, R k only considers whether there is enough energy in the buffer for waking up itself and retransmitting the current signal block, not the specific value of energy buffer status. Namely, if s i ≥ P r , R k will retransmit the signal to D if the direct link is too bad. In addition, if s i < P r , R k keeps silent without energy consumption. Thus, it is realistic to utilize just two statuses to characterize the harvested energy flow from a statistical perspective, which is called as on-off model and denoted by s i . Namely, if s i ≥ P r , R k can retransmit the signal successfully and the status of s i is defined as on, which is equivalent to the sum set of all the possible original statuses satisfying {s i |s i ≥ P r }. Otherwise, the status of s i is defined as off , which is equivalent to the sum set of all the possible original statuses satisfying {s i |s i < P r }.
Thus, considering the possible energy consumption at R k , the original Markov model s i based on energy buffer status, as shown in Fig. 2(a) , can be transformed into the simplified on-off model, as shown in Fig. 2(b) without loss of any information. By the stationary probability distribution of s i , the stationary probability distribution of s i can be obtained, which has the following relationship:
where f s (x) denotes the stationary probability distribution of s i , which is different from the harvested energy's original PDF f e (x) shown in (6) . Obviously, the probability that relay node R k runs out of energy under this condition is
In summary, combining these results from (6)- (10), harvested energy flow can be modeled by an on-off model from a systematic view, which is concluded as Proposition 1. In addition, it is worth noting that how to exactly obtain the original PDF of harvested energy flow and how to utilize f e (x) to calculate p ex k with low computation complexity are beyond the scope of this paper (please see [10] ).
Proposition 1: For the cooperative protocol system that the relayaided link will wake up if and only if the direct link is too bad and the current available energy at the relay node is more than P r , the energy harvesting module at R k can be characterized by the parameter pair (P r , p ex k ), which can capture the stochastic property of harvested energy without any loss. Namely, the energy harvesting module can provide an energy flow that is less than P r with the probability p ex k .
IV. PERFORMANCE ANALYSIS IN TERMS OF OUTAGE BEHAVIOR
A. Formulating the Problem
Due to the fluctuation of energy harvesting, the relay link over R k cannot be always started up successfully, the failure probability of which is equal to the energy-exhausted probability p ex k at relay node R k . Thus, unlike traditional system, the outage event in this condition can be caused by two aspects, i.e., deep fading and energy exhausting resulting from renewable resource fluctuation.
Recalling Definition 2, the overall successful communication events can be decomposed as {direct link is good} k {kth relay link is good} {the energy atR k is enough} . (11) Correspondingly, the overall outage events can be decomposed as {direct link is bad} k {kth relay link is bad} {the energy atR k is not enough} . (12) Provided that the available energy at R k is enough for signal transmission, R s,r k ,d denotes the data rate that the relay link S − R k − D can support, and p out s,r k ,d denotes the corresponding outage probability P r[R s,r k ,d < R 0 ]. In addition, it is assumed that the energy harvesting modules installed at relay nodes are independent with each other (For example, they harvest energy from different resources.) According to these assumptions, the overall outage probability in (12) under the proposed relay-aided cooperative protocol in Definition 2 can be expressed as
B. Outage Behavior Analysis
It is assumed that an amplify-and-forward relay scheme is employed at the relay node. The explicit closed-form expression of outage probability for the relay-aided cooperative transmission protocol in the high-SNR regime powered by harvested energy can be obtained, which is explained as follows.
Proposition 2:
In the high-SNR regime, the outage probability under the proposed relay-aided cooperative transmission protocol in this paper is
Proof: Let us start the process from obtaining the expression of p out s,r k ,d in (13) . Since an amplify-and-forward relay scheme is employed at relay node R k , the relationship between received signal y s,r k (t) and retransmitted signal x r k (t) at R k , as shown in (2) and (3), can be expressed as
where β is the power normalized factor expressed as follows:
Combining the results in (2), (3), (15), and (16), the instantaneous information rate that can be supported over relay link
where the factor 1/2 is resulted from time division between links S − R k and R k − D to guarantee the orthogonality in cooperative transmission, and the expression of
Based on the literature [4] , [12] , the cumulative distribution function (18) has been given, which is concluded in the following Lemma (see the detailed proof in [12] ).
Lemma 1: Provided that both h s,r k and h r k ,d are zero-mean, independent, and circularly symmetric complex Gaussian random variables, the CDF of
where K 1 (x) is the first-order modified Bessel function of the second kind [4] . In the high-SNR regime (i.e., x → 0), the following approximations can be established:
where
Substituting (5) and (17)- (20) into (13), the result in (14) can be obtained.
C. Some Comments on Outage Performance
To make the analysis convenient, a symmetric system configuration will be considered in the sequel, i.e., P s = P r = P 0 . Then, the outage probability in (14) can be rewritten as
where ρ denotes the average SNR for the current signal block, the value of which is equal to P 0 /σ 2 0 . Corollary 1: Through relay-aided information transmission under cooperative protocol will occupy more time slots, compared with traditional direct protocol, there is a multiplicative performance gain in terms of outage probability, the gain of which is proportional to the factor
Proof: Based on the results in (5) and (21), the outage probability in the high-SNR regime under simple direct protocol and our proposed cooperative protocol can be rewritten as follows, respectively:
It is apparent that 0 ≤ p Generally speaking, the energy-exhausted probability can be decreased to very small level in a well-designed system with the help of an energy storage device [14] . Thus, it is feasible and profitable to employ energy harvesting relay to improve system outage performance. In addition, large number of available relay nodes is also very helpful to improve performance.
Since diversity gain is an important metric for the performance of cooperative networks, let us compare the performance of three different systems in terms of diversity gain, namely, direct protocol system, relay-aided cooperative protocol system powered by a stable supply, and cooperative protocol system powered by energy harvesting.
Corollary 2: In Rayleigh fading channel, when relay nodes are powered by the energy harvesting module, the diversity gain for the proposed relay-aided cooperative networks can be expressed as
where L denotes the number of zero elements in (p . Proof: Recalling the definition of diversity gain in [12] , which is expressed as
Substituting (21) ) = 0, the system will be equivalent to the cooperative system powered by a stable energy supply, and the corresponding diversity gain under this case is K + 1, which is consistent with the prior results obtained in [2] .
V. SIMULATION RESULTS
This section will show the results developed in this paper by numerical simulation. To serve as comparisons, the performance of traditional direct protocol and cooperative protocol powered by a stable power supply are also given here.
It is assumed that the available frequency bandwidth for the whole network shown in Fig. 1 is W = 2 MHz, and the minimum acceptable rate R 0 is 200 kb/s. It is assumed that K = 1, P s = P r = P 0 , and σ Fig. 3 shows the outage probability of cooperative networks as a function of SNR (i.e., SNR = P 0 /σ 2 0 ) when the energy-exhausted probability p ex 1 at R is 1, 10 −1 , 10 −2 , and 0, respectively. Obviously, when p ex 1 = 1, it is equivalent to the traditional system with direct transmission protocol. In addition, when p ex 1 = 0, it is equivalent to the system in which the relay node is powered by constant power source. It can be observed in Fig. 3 that the energy harvesting relay node can improve the outage performance of the system significantly compared with traditional direct transmission protocol during the concerned SNR range, which coincides with the results in Corollary 1. For example, outage probability can be decreased by an order of magnitude when p ex 1 = 0.1. The work in [14] has indicated that p ex 1 can be very small in a well-designed system. Thus, it is profitable to apply the energy harvested relay node into a wireless network to improve the system performance. Fig. 4 shows the outage probability of cooperative networks as a function of SNR when the number of available relay nodes K is 0, 1, 2, and 3, respectively, where (p It can be observed that the system performance can be significantly improved as the increment of K. Due to the low cost of relay node powered by energy harvesting, it is possible to deploy large amount of relay nodes around the environment. Thus, it is profitable to improve the outage performance by this way. Fig. 5 shows the outage probability of the cooperative system as a function of energy-exhausted probability at the relay node when the SNR is 20 dB and K = 1. In addition, serving as two comparisons, the outage probabilities of direct transmission protocol and cooperative networks with constant power source are also given, which can be regarded as two extreme cases of the cooperative networks with energy 
VI. CONCLUSION
This paper has mainly investigated the performance of cooperative networks aided by an energy harvesting relay node in terms of outage behavior in slow fading scenario. From a perspective of systematic level, an on-off Markov model was proposed to characterize the stochastic property of harvested energy flow. With the help of some approximations, the explicit closed-form expression of outage probability of the cooperative system has been derived in the high-SNR regime. It can be observed that great improvement can be obtained by the proposed cooperative protocol in terms of minimizing outage probability. In addition, the system performance also can be improved by increasing the number of available relay nodes in the environment. Thus, it is potential and profitable to employ the energy harvesting relay-aided cooperative transmission technique to improve system's outage performance in some fading channel scenarios.
